as dysostosis multiplex 2, 3 . As a result of defective endochondral and membranous growth, bones throughout the body are affected, with typical radiographic findings including bulletshaped metacarpals, a J-shaped sella turcica, oar-shaped ribs, thoracolumbar kyphosis, and an overall short stature 2 . One of the hallmarks is a characteristic form of hip dysplasia.
The preferred treatment of patients with the severe MPS I-H phenotype is hematopoietic stem cell transplantation (HSCT) before the onset of neurocognitive decline 4 . Enzyme replacement therapy (laronidase) is often administered to patients awaiting HSCT.
For both treatments, the effects on several disease manifestations have been described [5] [6] [7] . However, the skeletal system generally seems to be refractory to the beneficial effects of HSCT and enzyme replacement therapy, and a substantial disease burden remains in treated patients [7] [8] [9] [10] [11] [12] [13] . The observed residual skeletal disease among patients with MPS I results in a high frequency of orthopaedic interventions for thoracolumbar kyphosis, carpal tunnel syndrome, genu valga, and hip dysplasia [8] [9] [10] [11] [12] [13] [14] [15] ( Fig. 1) . Therefore, strategies for improving skeletal outcomes are urgently needed. However, methods to reliably assess the severity and progression of dysostosis multiplex are lacking. The evaluation of pediatric hip radiographs, including extensive assessment of the reliability of the measurements, has been described for healthy children as well as for those with developmental dysplasia of the hip [16] [17] [18] [19] [20] . To our knowledge, however, the progression of hip dysplasia in MPS I-H has only been described in small case series 9, 21 . We sought to develop a reliable method for the radiographic evaluation of hip dysplasia in MPS I and to use this method to assess trends of radiographic parameters over time in a large cohort of patients with MPS I-H who underwent successful HSCT, thus creating a historical cohort for future reference, and to identify potential outcome predictors. The course of hip dysplasia in a patient with MPS I-H at 3.1 years ( Fig. 1-A) , 6.3 years ( Fig. 1-B ), 9.2 years ( Fig. 1-C) , and 12.0 years ( Fig. 1-D) . The patient (male) underwent successful HSCT at the age of two years. Hip dysplasia was diagnosed but treated conservatively until the age of 13.9 years, when a Girdlestone procedure was performed on the right hip, which was luxated and painful. The series shows the severe acetabular dysplasia, failure of ossification of the superolateral aspect of the femoral head, progressive (sub)luxation, joint degeneration, and increasing pelvic tilt.
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Materials and Methods
Patients and Clinical Data
A ll patients with MPS I-H who were known at one of the participating centers (Table I) and had previously undergone HSCT were considered for inclusion. Effort was taken to construct a homogenous cohort; the inclusion and exclusion criteria are presented in Table II . For the patients who were eligible for inclusion, all anteroposterior pelvic radiographs available on June 1, 2014, were retrospectively collected in a digital DICOM (Digital Imaging and Communications in Medicine) format. Additional information regarding sex, genotype, age at HSCT, enzyme replacement therapy pre-HSCT, IDUA activity post-HSCT, and donor chimerism was collected. Ethical approval was sought from the local ethics boards of the participating centers and was granted or waived because of the retrospective nature of the study, and only anonymized data were provided for evaluation.
Radiographic Parameters
A set of radiographic parameters was constructed on the basis of a review of the literature, expert opinion, and feasibility and was reviewed by a group of experts (E.J.L., M.M.d.O., R.R.v.R., R.J.S., K.K.W., and F.A.W.). The final set of assessed parameters for the left and right hips consisted of the acetabular index, the neck-shaft angle, the tilt index, the migration percentage, the Smith ratio of lateral displacement, and the Smith ratio of superior displacement 22 ( Fig. 2) .
The symphysis-os ischium angle and rotation quotient were also measured ( Fig. 2) . Each radiograph was evaluated by two independent observers (E.J.L., an MD and PhD candidate in the field of lysosomal storage diseases, and M.M.d.O. or O.C.K., both medical students working on a thesis on hip dysplasia in MPS I) using a strict protocol facilitated by OrthoGon software (IMPAX version 6.5.2; Agfa HealthCare). The observers were trained by analyzing between ten and twenty radiographs of patients not included in the study, following the study protocol. The training results were discussed, and where necessary, the definition of radiographic landmarks was modified to increase reproducibility. The observers were blinded to the patient's clinical data at the time of the evaluation.
Statistical Analysis
Statistical analysis was performed using SPSS software version 22 (IBM). Patient characteristics are described using descriptive statistics. First, interobserver variability was assessed by calculating the intraclass correlation coefficient (ICC, absolute agreement) on the basis of components of a variance analysis of a random selection of one radiograph per patient. For intraobserver variability, the ICC was calculated on the basis of ten images scored twice by each observer. Systematic errors were assessed by mixed-effects models, analyzing the interaction of the average measurement of the two observers and the difference of the two measurements. Subsequently, BlandAltman plots were constructed to identify outliers. Outliers were defined as data points outside the 95% limits of agreement. When a radiograph had one or more outliers, a determination was made whether to reevaluate the complete radiograph, to exclude measurements from the final analysis of trends, or to include all findings despite the observed disagreement.
In the final analyses, the average of the measurements of the two observers was used.
Reference values were obtained from the literature, and dichotomous variables were constructed for all parameters (normal or abnormal) 16, 18, 20, [22] [23] [24] [25] [26] . The correlation of radiographic parameters was assessed on the basis of the last radiograph before the end of follow-up and calculated by the Pearson correlation coefficient. Binary outcomes were compared using the Fisher exact test.
Trajectories of individual patients were plotted over age for each parameter. Where applicable, average trends were fitted using mixed-effects models. We allowed for inter-individual variation via random intercepts and slopes, and interaction with age at HSCT, enzyme replacement therapy prior to HSCT, donor chimerism, and IDUA activity post-HSCT was assessed.
A p value of <0.05 was considered significant. 
Results
Cohort
A total of 206 patients with MPS I-H who underwent HSCT were considered for inclusion. After review, 154 cases were excluded: fourteen because the duration of follow-up after HSCT was less than two years, sixty because the molecular diagnosis was not available, nine because the genotype was not consistent with the documented Hurler-related mutations from the study protocol, seven because of an age of >2.5 years at the time of HSCT, six because the HSCT was performed before 1995, and fifty-eight because fewer than two radiographs were available. The remaining fifty-two patients included in the study had a median age of 4.6 years (range, 1.6 to 12.8 years) at the time of the most recent included radiograph. The patient characteristics are presented in Table I .
Radiographs
One hundred and ninety-two radiographs were evaluated by two observers for fourteen radiographic landmarks, resulting in 2 · 2688 data points. Of the 2688 parameters assessed, sixtynine (2.6%) were excluded from the final analysis because of inadequacies of the radiograph, such as coverage of osseous structures by gonad shielding. On the basis of Bland-Altman plots, 123 (4.6%) of the data points were identified as outliers. For eighty-six of these (3.2% of the data points), the reported value of one of the two observers was excluded from the final analysis after review of the raw data.
Reliability
The ICC for interobserver variation ranged from 0.78 to 1.00, and the average intraobserver ICC ranged from 0.84 to 1.00 (Table III) . No systematic errors were identified for any of the parameters.
Acetabular Index
For thirty-one (60%) of the patients, a radiograph made prior to HSCT ("baseline") was available. The median age at the time of baseline radiographs was 9.3 months. An acetabular index greater than the upper limit of the reference range (12 standard deviations [SDs]) 16 , indicating severe hip dysplasia, was seen in 29% of the right hips and 26% of the left at baseline. A gradual increase in the acetabular index with age was observed in most patients, with the steepest slopes in the first five years of life (Fig. 3) . Of the twenty-one patients for whom radiographs were available after five years of age, the last included radiograph (median age of eight years) demonstrated an acetabular index of > 12 SDs of the reference values in 86% of the right hips and 71% of the left. The progression over time was modeled for the first five years of life (Figs. 4-A and 4-B ). An increase with age was seen in the acetabular index of both the left and right hips (p < 0.001), which is in contrast to the decrease with age noted for the reference cohort.
Neck-Shaft Angle
Because reference values were available for the neck-shaft angle from two years of age 20, 23 , dichotomous outcomes for baseline radiographs were not calculated. After an initial rapid decrease in the first two years of life, a relatively stable neckshaft angle was observed in most of the patients, for both the left and the right hip. In the twenty-one patients with a followup beyond five years of age, the neck-shaft angle was in the range of severe coxa valga (> 12 SDs of the reference values) in 91% of the right hips and 86% of the left. The progression over time was modeled from 2.5 years of age and showed a slightly increasing trend (right, p = 0.018; left, p = 0.002) (Figs.  4-C and 4-D) . A decreasing trend was noted for the reference values. 
Pelvic Tilt
Indicators of pelvic tilt include the tilt index and symphysis-os ischium angle. At baseline, the tilt index of 48% of the right hips and of 42% of the left was outside the reference range for anterior tilt (displacement of the symphysis in the caudal direction) 18, 24 . For the last included radiographs of patients over five years old, this increased to 72% of the right and 78% of the left. The modeled tilt index showed a downward trend, Individual trends of the left acetabular index (Fig. 3-A) and detail of the individual trends of the left acetabular index up to five years of age (Fig. 3-B) .
indicating increasing anterior tilt (slope, 20.04/year; p = 0.003). The symphysis-os ischium angle showed a similar pattern. At baseline, the symphysis-os ischium angle was below the reference value 16 in 39% of the patients, indicating anterior tilt. No reference ranges were available for children older than five years of age. The modeled symphysis-os ischium angle, however, showed a continued decrease over time in patients with a follow-up beyond five years of age (Fig. 4-E) (p = 0.001). Modeled trend and 95% PI based on radiographs from >2.5 years of age (slope, 1.2°/year; p = 0.002). Fig. 4 -D Neck-shaft angle of the right hip.
Modeled trend and 95% PI based on radiographs from >2.5 years of age (slope, 0.8°/year; p = 0.018). Fig. 4 -E Symphysis-os ischium (SOI)
angle. Modeled trend and 95% PI based on patients with follow-up beyond five years of age (slope, 22.0°/year; p = 0.001). 
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Rotation Quotient
Pelvic rotation could be evaluated on 183 radiographs. In twentyone (11%) of the radiographs, the rotation quotient was outside the range indicated by Tönnis 16 .
Migration
Among the 192 evaluated radiographs, a migration percentage outside the reference range 26 Successful hematopoietic stem cell transplantation (HSCT) at an age of no more than 2.5 yr, determined by a post-transplantation donor chimerism of ‡10%.
The patient's parent or legal guardian understands the full nature and purpose of the study, and provides informed consent (unless the requirement for informed consent is waived by local regulations) prior to extraction of the patient's data through chart review A post-HSCT follow-up duration of <2 yr.
The last successful HSCT received after the age of 2.5 yr or before Jan. 1, 1995.
Availability of <2 radiographic studies, performed prior to hip surgery, in adequate (DICOM) format 
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was abnormal in 11% of the right hips and 10% of the left hips among all radiographs. Even though a vast majority of the measurements showed values outside the reference range, there was only a slight deviation from the reference values for normal hips in the trends of lateral displacement. The Smith ratio of lateral displacement showed a mild decrease, similar to that seen in healthy controls (slope, 20.008/year [right] and 20.009/year [left]). The migration percentage increased slightly with age, although the trend did not reach significance (p = 0.085) (Fig. 4-F) .
Correlation of Radiographic Findings with Clinical Characteristics
No significant interaction was found between the radiographic parameters and potential predictors, such as age at transplantation, IDUA activity post-HSCT, donor chimerism, enzyme replacement therapy treatment pre-HSCT, or sex.
Discussion
T o our knowledge, this is the first study to describe radiographic progression of hip dysplasia in a relatively large and strictly defined cohort of patients with MPS I-H after successful HSCT. Detailed knowledge of the progression of dysostosis multiplex is essential to describing the residual disease in patients with MPS I-H who have undergone transplantation and to assess the effects of new therapeutic strategies aimed at diminishing skeletal disease in MPS I-H after transplantation.
We provide a robust radiographic assessment of the severity of hip dysplasia in MPS I-H, with excellent intraobserver and interobserver agreement (ICC of ‡0.78 for all parameters).
A high variability in the severity of hip dysplasia assessed by radiographic studies has been reported for patients with MPS I 8, 9 , and this is confirmed by our study. However, the large number of patients in our cohort allows us to minimize the effect of individual variation and to identify general trends.
First, the acetabular index showed an increase in both the left and right hips during the first five years of life (Fig. 2 ). This corresponds with the observations of twelve patients with MPS I-H described by Stoop et al. 9 . However, most of those patients were also included in our study. A mean acetabular index of 32.2°was observed by Thawrani et al. in patients who underwent hip surgery at a mean age of 4.1 years 8 , and this angle corresponds very well with the mean predicted acetabular index based on mixed-model statistics for our cohort (31.9°). However, in a recent report, Ashby et al. 21 described a stable acetabular index over time, with an average of 22°. This contrast with our findings is probably due to the inclusion in their cohort of patients with a more attenuated phenotype, who can be expected to have radiographic parameters much closer to those of the normal population.
Second, severe coxa valga, defined as a neck-shaft angle of > 12 SDs of the reference values, was detected in up to 91% of our patients at the end of follow-up, with a trend toward progression over time. Again, our modeled neck-shaft angle corresponded with the preoperative neck-shaft angle described by Thawrani et al. 8 .
We are the first, to our knowledge, to report on the pelvic tilt in patients with MPS I-H. The observed increase in anterior tilt is in accordance with the clinical observation of hyperlordosis in patients with MPS I 27 and reflects the complex nature of the musculoskeletal disease in this disorder, including thoracolumbar kyphosis and joint stiffness. It is important to note that the acetabular index is prone to underestimation with increase of the anterior tilt 28 . This should be taken into account when using this cohort as a reference cohort in future studies. In addition, pelvic rotation may influence the radiographic parameters used for assessment of severity of hip dysplasia 28 . However, the rotation quotient was outside the recommended range for 11% of the radiographs in this study and is therefore much less likely than pelvic tilt to influence the parameters.
While superior displacement increased with age, lateral migration was severe but rather stable over time. This is in accordance with the results of Stoop et al. 9 . However, Ashby et al. 21 reported a progressive migration in three-quarters of the hips analyzed. Unfortunately, limited data are available in the latter study, and a direct comparison could not be made.
Our study had limitations. First, it was retrospective, and radiographs were not made according to a standardized study protocol. In patients with a complex musculoskeletal disease such as MPS I, posture is often abnormal and further influenced by surgical interventions such as genu valgum correction. As posture influences radiographic measurements, even more variation will be detected in unstandardized retrospective studies than might be expected based on actual variation among patients. By reporting the pelvic tilt and rotation, we aimed to account for this variability. In future prospective studies, the standardization of pelvic tilt and femoral rotation is essential. This will reduce the variability of parameters and improve study power. Second, femoral-head sphericity was not quantified in this study. A typical pattern of thinning of the medial side of the femoral head has been observed in patients with MPS I-H 8, 9, 29 and was also observed in the patients in this study. However, we believed that an appropriate tool that could quantify this typical deformity in patients between birth and the age of twelve years is lacking. The progressive deformities of the femoral head might, in part, explain the observed superior displacement (Smith ratio of superior displacement). Third, our study failed to identify any correlations between radiographic parameters and clinical characteristics, including age at HSCT, enzyme replacement therapy treatment pre-HSCT, donor chimerism, and IDUA activity post-HSCT. Several studies reported on age at transplantation and IDUA activity post-HSCT as predictors for outcome parameters such as cognitive development, growth, and the need for surgical intervention 7, 30, 31 . However, with the variability seen in hip dysplasia within the Hurler population and given the wide spread in the clinical characteristics (age at transplantation ranged from three to thirty months) and the retrospective nature of our study, it is likely that any correlations between the clinical characteristics and radiographic parameters might have been obscured. Prospective studies that are statistically powered for these correlations are needed to establish the exact influence of the clinical characteristics on hip dysplasia.
The assessment of correlations between radiographic parameters and functional outcomes, such as pain and disability, were not within the scope of this study. A few studies have reported that more severe hip dysplasia is associated with more severe osteoarthritis and complaints of pain 32, 33 .
In conclusion, we present an extensive and reliable evaluation of radiographic parameters in a large cohort of patients with MPS I-H who received a successful HSCT. Most of the parameters studied showed a progressive deviation from reference values with age. Our data may be used as a reference for future studies aimed at the prevention of progressive skeletal disease, which is the major component of the residual disease burden in patients with MPS I-H following HSCT. n
